Introduction
============

Plants are variable hydraulic conductors which use a naturally occurring gradient in energy content of water (water potential) between root and shoot environment to drive the uptake of water and dissolved mineral nutrients. It is in particular the radial, as opposed to axial, resistance to water flow which limits water uptake by roots and supply to the shoot ([@bib11]; [@bib44]). The radial resistance can be divided into an apoplastic (cell wall, middle lamella, and intercellular air space) and a cell-to-cell (through plasmodesmata and across membranes) component ([@bib44]; [@bib43]; [@bib28]). The cell-to-cell path can involve water transport through aquaporins. The question is not so much whether, but how much, aquaporins contribute to root water uptake ([@bib22]).

Aquaporins belong to the family of major intrinsic proteins (MIPs) and are best known for their ability to facilitate water flow ([@bib12]; [@bib16]*a*, *b*; [@bib32]; [@bib25]). Water channel activity is typically displayed by those MIPs that reside in the plasma membrane (plasma membrane intrinsic proteins, PIPs) and tonoplast (tonoplast intrinsic proteins, TIPs). Among PIPs, water channel activity is displayed particularly by members of the PIP2 subgroup ([@bib34]). There exist a number of studies in which the expression of particular PIP or TIP isoforms has been altered through overexpression or knockout of the respective gene. Most of these studies have been carried out on *Arabidopsis*, maize (*Zea mays*), tobacco (*Nicotiana tabacum*), and rice (*Oryza sativa*) and have provided conflicting evidence, partly confirming and partly not confirming a role in root water transport of the respective MIP ([@bib23]; [@bib21]; [@bib26]*a*; [@bib31]; [@bib42]; [@bib2]; [@bib37]). Part of the discrepancy between results obtained through transgenic approaches may be explained by the ability of plants to compensate for altered expression of particular aquaporin isoforms. In particular, the complexity of root architecture and of alternative physiological means through which root water uptake is controlled has to be considered ([@bib41]; [@bib5], [@bib8]). For example, the contribution of different root development regions, types of roots ([@bib15]; [@bib40]), and radial uptake pathways (apoplastic, transcellular) ([@bib43]) of water uptake need to be known before trying to identify candidate aquaporins that mediate this flow.

In a recent biophysical study on 14- to 17-d-old hydroponically grown barley plants, it was concluded that a purely apoplastic path of radial water uptake does not exist but that water has to cross membrane(s) ([@bib28]). Barley plants of this developmental stage have two types of root, adventitious and seminal. The seminal root system is more developed and provides most of the root surface area. As a result, \>90% of water uptake occurs through seminal roots ([@bib29]). The aim of the present study was to quantify aquaporin-dependent water flow in the main developmental zones of the two types of root. The commonly used aquaporin inhibitor HgCl~2~ (see [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/err075/DC1) available at *JXB* online) was applied and the resulting changes in water flow measured at the level of individual cells, roots, and plant, using cell pressure probe, exudation, and gravimetric transpiration measurements. Candidate aquaporins were identified through real-time (qPCR) expression analyses and *in situ* hybridization. Water channel function was tested as part of an accompanying study on aquaporins in barley leaves ([@bib3]). The expression of aquaporins and root hydraulic conductance has been shown to vary between day and night-time in several plant species, including barley ([@bib26]*b*). Since most of the growth and water uptake of barley plants occurred during the daytime, analyses were restricted to the daytime.

Materials and methods
=====================

Plant growth
------------

Barley (*Hordeum vulgare* L. cv. Golf, Svalöf Weibull AB, Svalöf, Sweden) plants were grown on modified Hoagland solution in a growth chamber as described previously ([@bib13]; [@bib28]). Plants grew at a day/night length of 16/8 h and temperature of 21/15 °C. Relative humidity was 70% and photosynthetically active radiation 400--500 μmol m^−2^ s^−1^. Plants were analysed when they were 14--17 d old. Analyses were carried out 3--7 h into the photoperiod. During this period, transpirational water loss and root water uptake as determined on individual seminal and adventitious roots varied by \<27% (not shown).

Root types and developmental zones
----------------------------------

The first major roots which appeared during germination of barley seedlings were seminal roots. Adventitious roots, which differ in morphology and anatomy from seminal roots ([Fig. 1](#fig1){ref-type="fig"}; see also [@bib29]) appeared when plants were 11--13 d old. Barley plants had between six and seven seminal and between two and four adventitious roots.

![Scheme of a seminal and adventitious root of a 14- to 17-d-old barley plant. The main axis of seminal roots can be divided into three developmental zones: an immature zone (tip region) containing the apical meristem and cell elongation zone, an adjacent transition zone, where cells are not elongating any more yet not all tissues are fully mature; and a basal mature zone. Lateral roots emerge from the mature zone and were treated as a separate entity. The less developed adventitious roots contain a longer immature zone. Fully mature tissue, in particular with respect to xylem and endodermis development ([@bib29]), is hardly detectable. Most of the root base can be classified as transition zone. Numbers in parentheses give the mean ±SD (*n*=4 roots) surface area of each zone (as determined according to [@bib28], [@bib29], expressed as a percentage of the total root surface area. Total length of roots is indicated by scale bars.](jexboterr075f01_lw){#fig1}

Hydraulic properties of root tissues may differ between developmental zones ([@bib19]). Therefore, to compare hydraulic properties of seminal and adventitious roots, it was necessary to carry out analyses at zones of comparable developmental stage. Adventitious roots contained hardly any fully mature zone; neither did they contain lateral roots at the time of analyses. Since the tip region (see immature zone, IZ; [Fig. 1](#fig1){ref-type="fig"}) of the main axis of roots involves little water transport through aquaporins ([@bib19]), it was decided to compare the not-fully mature zone between seminal and adventitious roots. This zone was referred to as 'transition zone' (TZ), since tissues were at the transition between being immature (immature zone, IZ) and fully mature (mature zone, MZ) ([Fig. 1](#fig1){ref-type="fig"}). The distinction between zones was based very much on the developmental state of the endodermis, which is supposed to affect radial movement of water and, hence, radial conductivity (IZ, state I endodermis, no Casparian bands, no suberin despositions; TZ, state II--III endodermis with passage cells, Casparian bands, and suberin depositions; MZ, state III endodermis, without passage cells and with Casparian bands, suberin depositions, and secondary wall thickenings; see [@bib29]).

Lateral roots accounted for the largest percentage of surface area of seminal roots ([Fig. 1](#fig1){ref-type="fig"}). In adventitious roots, 25% and 75% of the surface area was accounted for by the transition and immature zones, respectively ([Fig. 1](#fig1){ref-type="fig"}).

Hydraulic measurements
----------------------

Details of methods, together with calculations, are given in [@bib28], [@bib29] and [Supplementary File S1](http://jxb.oxfordjournals.org/cgi/content/full/err075/DC1) at *JXB* online. Transpiration measurements were carried out in the growth chamber; all remaining analyses were carried out in the laboratory. Throughout analyses, the 'control' root medium (nutrient solution) was taken from the pot in which the plant had grown during cultivation. Reagents that were tested for an effect on water transport \[HgCl~2~, dithiothreitol (DTT)\] were applied in this medium.

Root exudation measurements were performed on entire root systems or individual roots. Individual roots were excised close to the root base, ∼1--2 cm below the root--shoot junction. The length of excised roots ranged from 6 to 11 cm in seminal and 4 to 6 cm in adventitious roots. Seminal roots contained numerous lateral roots, whereas adventitious roots were devoid of lateral roots at the plant developmental stage analysed (see also [Fig. 1](#fig1){ref-type="fig"}).

During root exudation, an individual root or entire root system of a plant was attached to a glass capillary and the rise of xylem sap in the capillary recorded at time intervals of 5 min over 1 h. Hydraulic conductivity (in m s^−1^ MPa^−1^) was calculated from the linear part of the flow versus time plot and the difference in osmolality between root medium and exudates. Flow rate was related to root surface area, which was determined as detailed previously ([@bib29]). Water transport through aquaporins was investigated by application of the aquaporin inhibitor HgCl~2~. Roots were treated for 5 min with 50 μM HgCl~2~ and subsequently rinsed with water before being placed back into the root medium (devoid of HgCl~2~) where exudate flow was measured again. The reversibility of effect of HgCl~2~ on water uptake was tested by treating roots first in 50 μM HgCl~2~ and then placing them for 15 min in 5 mM DTT before being analysed.

Cell pressure probe analyses were carried out on roots of intact plants. Exosmotic and endosmotic water flow across the plasma membrane of cells was induced through pressure pulses. The half-time of pressure relaxations was used, together with data on the volume and elastic modulus of cells, to calculate cell hydraulic conductivity (in m s^−1^ MPa^−1^). Cells in the four peripheral cortical layers were analysed. There was no obvious difference in variables between these layers, and results were pooled. The average cortical cell surface area determined from cross- and longitudinal sections under a microscope was 9.0±2.3×10^−10^ m^2^ in seminal and 14.0±1.8×10^−10^ m^2^ in adventitious roots; the average cell volume and length were 2.7±0.7×10^−13^ m^3^ and 3.0±0.3×10^−4^ m in seminal, and 2.4±0.3×10^−13^ m ^3^ and 1.8±0.1×10^−4^ m in adventitious roots. The average cortical cell surface area in lateral roots was 9.5±4.4×10^−10^ m^2^, and the average cell volume and length was 0.9±0.5×10^−13^ m^3^ and 1.0±0.2×10^−4^ m, respectively (means ±SD of five root analyses). Cell elastic modulus was determined according to [@bib47]; calculations are detailed in [Supplementary File S1](http://jxb.oxfordjournals.org/cgi/content/full/err075/DC1) at *JXB* online.

To test aquaporin-dependent water transport in cortical cell, cells were first analysed under control conditions. Then, a plant of the same batch as the 'control' plant was exposed to 50 μM HgCl~2~ for 5 min; roots were rinsed shortly, and the plant was transferred back to the nutrient medium devoid of HgCl~2~ and cortical cells analysed within the following 45 min. To test recovery of Hg-induced reduction in water flow, a new plant was exposed first to 50 μM HgCl~2~ for 5 min and then to 5 mM DTT for 15 min before being analysed in nutrient medium for up to 45 min. The alternative approach, to analyse cortical cells of the same plant subsequently under control, Hg, and recovery conditions, was not pursued to avoid exposing plants to cumulative physical injury incurred through pressure probing.

Transpiration, whole-plant hydraulics, and leaf water potential
---------------------------------------------------------------

Transpiration rate of plants was determined gravimetrically in the growth chamber ([@bib29]). Water transport through aquaporins was tested by exposing plants transiently (5 min) to 50 μM HgCl~2~ in the nutrient solution before re-measuring transpiration. The reversibility of the effect of HgCl~2~ on water uptake was tested by treating roots subsequently with 50 μM HgCl~2~ (5 min) and 5 mM DTT (15 min) prior to analyses in nutrient solution devoid of these reagents. Reagents were applied by draining the existing nutrient solution from the container which held the plant and refilling the container with the respective new (treatment) nutrient solution. This minimized damage to lateral roots. Transpiration was measured for 2 h following treatments and not for only 45 min as was the case for treatments during cell pressure probe analyses. This was done to allow transpiration to recover to a steady level, while minimizing the period for which plants were on the cell pressure probe stage (in a laboraory environment).

Stomatal conductance and net rate of photosynthesis was determined using an infra-red gas analyser (LI-6400; LI-COR, Lincoln, NE, USA).

Leaf water potential was determined as detailed previously ([@bib29]). Turgor of between three and four epidermal cells was measured with the cell pressure probe halfway along the fully expanded blade of leaf two, which represented the main transpiring leaf surface of plants. Following completion of turgor analyses, the leaf region was excised and bulk sap was extracted using a centrifugation technique. The sap was analysed for osmotic pressure using picolitre osmometry. The difference between cell turgor and leaf osmotic pressure calculated to leaf water potential \[since epidermal cell osmotic pressure is similar to bulk leaf osmotic pressure ([@bib13])\]. Four untreated (control) and four Hg-treated plants were analysed, and results presented as average ±SD.

Expression analyses of barley aquaporins
----------------------------------------

Details of the procedures associated with expression analyses of barley aquaporins are provided in the accompanying paper ([@bib3]). Entire roots or root developmental zones were harvested, RNA extracted, cDNA synthesized, and expression analysed using qPCR as detailed previously ([@bib4]; [@bib3]). Three independent batches of plants were studied and results averaged. Expression of candidate aquaporins was related to the expression of three reference genes (ubiquitin, tubulin, and H^+^-ATPase) using the ΔCt method ([@bib35]; [@bib6]; [@bib4]). Relative expression of candidate genes was calculated by relating *C*t values to *C*t values of each housekeeping gene according to,

This resulted in three 2^--Δ*C*t^ values for a particular candidate gene $\left\lbrack {2^{- \text{Δ}{Ct}{({Ubq})}},2^{- \text{Δ}{Ct}{({Tub})}},2^{- \text{Δ}{Ct}{({ATPase})}}} \right\rbrack$, which were averaged. Average 2^--Δ*C*t^ values were obtained from three batches of plants $\left\lbrack {2^{- \text{Δ}{Ct}{({Ubq})}},2^{- \text{Δ}{Ct}{({Tub})}},2^{- \text{Δ}{Ct}{({ATPase})}}} \right\rbrack$, yielding an overall mean 2^--Δ*C*t^ value (±SD). Sequences of primers used for qPCR are given in [@bib3].

Tissue distribution of expression of aquaporins was analysed by *in situ* hybridization ([@bib3]). Three independent batches of plants were analysed, and representative results are shown.

Statistical analyses
--------------------

Student\'s *t*-test (SigmaPlot) and ANOVA (Excel) was used to test for statistical significance of data.

Results
=======

Root hydraulic conductivity
---------------------------

Hydraulic conductivity of individual seminal roots averaged 10.5×10^−8^ m s^−1^ MPa^−1^ ([Table 1](#tbl1){ref-type="table"}). Pre-incubation with HgCl~2~ reduced hydraulic conductivity by 53%, and subsequent addition of DTT recovered conductivity to 87% of the value prior to inhibition ([Table 1](#tbl1){ref-type="table"}). Hydraulic conductivity of adventitious roots averaged 4.4×10^−8^ m s^−1^ MPa^−1^; it decreased by 74% in response to HgCl~2~ and recovered to 66% of its original value in response to DTT. A similar reduction in hydraulic conductivity was observed for entire root systems (recovery not tested). The osmolality of exudate and osmotic force driving exudation was not affected by HgCl~2~ (not shown).

###### 

Root hydraulic conductivity of 14- to 17-d-old barley plants in response to HgCl~2~ and HgCl~2~/DTT treatment

  Root type            Hydraulic conductivity                          
  -------------------- ------------------------ ---------------------- ---------------
  Seminal root         100*^a^* (10.5±2.3)      47.5±16.0*^b^*^,*e*^   86.6±1.7*^d^*
  Adventitious root    100*^a^* (4.4±1.3)       26.2±2.5*^c^*          65.5±8.6*^b^*
  Entire root system   100*^a^* (17.7±4.6)      25.6±15.0*^c^*^,*e*^   --/--

Conductivity was determined through exudation experiments on individual seminal and adventitious roots or on the entire root system of plants. Exudation was measured in normal growth medium (control) and after transient (5 min) exposure of roots to 50 μM HgCl~2~, without (HgCl~2~) or with subsequent recovery (15 min) in 5 mM DTT ('HgCl~2~/DTT'). Results are means ±SD of three or four root analyses expressed as a percentage of the control. Hydraulic conductivity (10^−8^ m s^−1^ MPa^−1^) of control plants is given in parenthesis. Different superscripts indicate significant differences (*P*\<0.05); --/--, not tested.

Cell hydraulic conductivity
---------------------------

The transition zone, mature zone, and lateral roots were analysed in seminal roots. In the less developed adventitious roots, only the transition zone was analysed. Turgor of cortical cells in the transition zone of both seminal and adventitious roots averaged 0.56 MPa. Turgor in the fully mature zone of seminal roots was significantly higher (0.80 MPa), while turgor in lateral roots was significantly lower (0.47 MPa) ([Fig. 2A](#fig2){ref-type="fig"}). Cell elastic modulus was comparable between the transition and fully mature zone in seminal roots (2.6--2.7 MPa) and \>10-fold higher than in lateral roots (0.22 MPa). Cortical cells of the transition zone of adventitious roots displayed an intermediate value (0.8 MPa) ([Fig. 2B](#fig2){ref-type="fig"}). The half-time of water exchange of cells differed between types of root and developmental zones ([Fig. 2C](#fig2){ref-type="fig"}). As a result, cortical cell hydraulic conductivity was 5- to 8-fold higher in lateral roots and in the transition as compared with the fully mature zone of seminal roots. Adventitious roots displayed an even higher cell hydraulic conductivity ([Fig. 2D](#fig2){ref-type="fig"}).

![Hydraulic parameters of root cortical cells of barley. Barley plants were 14--17 d old. The cell pressure probe was used to measure (A) turgor and, together with microscopic determination of cell volume, (B) cell elastic modulus, and (C) half-time of water exchange (Cell T~1/2~). These data were used to calculate (D) cell hydraulic conductivity. Results are averages ±SD (error bars) of 7--14 cell analyses. Statistical significance of difference is indicated by different letters (*P*\<0.05).](jexboterr075f02_ht){#fig2}

Cortical cell hydraulic conductivity decreased by 83--95% when HgCl~2~ was added to the root medium ([Table 2](#tbl2){ref-type="table"}). The percentage decrease was largest in the transition zone of both types of root. Cell hydraulic conductivity recovered to 92--111% in seminal and 47% in adventitious roots after DTT had been added to the root medium.

###### 

Hydraulic conductivity of root cortical cells of barley in response to HgCl~2~ and HgCl~2~/DTT treatment

  Root type      Root zone      Conductivity                               
  -------------- -------------- ------------------------ ----------------- -------------------
  Seminal        Transition     100*^a^* (6.1 ± 3.3)     4.5 ± 0.8*^b^*    91.9 ± 25.1*^a^*
                 Mature         100*^a^* (1.2 ± 0.6)     16.6 ± 3.0*^c^*   111.2 ± 27.3*^a^*
                 Lateral root   100*^a^* (8.4 ± 3.3)     10.3 ± 3.5*^c^*   106.6 ± 14.7*^a^*
  Adventitious   Transition     100*^a^* (21.1 ± 13.3)   5.6 ± 2.0*^b^*    46.9 ± 13.3*^d^*

Conductivity was determined through the cell pressure probe. Cortical cells were analysed in three zones of seminal roots and in the transition zone of adventitious roots. Roots were analysed in normal growth medium ('control') and after transient (5 min) exposure to 50 μM HgCl~2~, without ('HgCl~2~') or with subsequent recovery (15 min) in 5 mM DTT ('HgCl~2~/DTT'). Results are means ±SD of 5--14 cell analyses expressed as a percentage of the control. Hydraulic conductivity (10^−5^ m s^−1^ MPa^−1^) of cells of control plants is given in parenthesis; for statistical analysis of these values see [Fig. 2D](#fig2){ref-type="fig"}. Different superscripts indicate significant differences between treatments (*P*\<0.05).

Transpiration
-------------

Transpirational water loss was measured continuously and gravimetrically in the growth chamber and related to leaf surface area to calculate transpiration rate. Plants transpired during the day at an average rate of 1.6×10^−8^ m^3^ m^−2^ s^−1^. The process *per se* of exchanging nutrient medium, as required to apply treatments, led to an initial decrease in transpiration. Transpiration recovered during the following 2 h to a level slightly higher than the original one \[[Fig. 3A](#fig3){ref-type="fig"}, control; 1.9×10^−8^ m^3^ m^−2^ s^−1^ (=100%)\]. When HgCl~2~ was added to the root medium for 5 min, transpiration decreased during the following 30 min by 40% and remained at this level. When roots were first treated with HgCl~2~ (5 min) and then transferred to medium that was devoid of Hg but contained the reducing agent DTT (15 min treatment), plants transpired at 74% of the level observed in the control ([Fig. 3A, B](#fig3){ref-type="fig"}).

![Daytime transpirational water loss of 14- to 15-d-old barley plants in response to the aquaporin inhibitor HgCl~2~ and reducing agent DTT. Water loss was measured for \>2 h before 50 μM HgCl~2~ (5 min) was added to the root medium and water loss measured again (HgCl~2~). In some experiments, plants were exposed, in quick succession, to 50 μM HgCl~2~ (5 min) and 5 mM DTT (15 min) before being analysed again (HgCl~2~/DTT). Plants which had normal growth medium exchanged for medium devoid of reagents were used as control. (A) Continuous recording of water loss. Each trace is the average +SD (error bars) of three plant analyses. (B) Mean change in transpiration rate in response to treatment, expressed as a percentage of the control (=100%). Means were calculated from values at 30--60 min and 120--150 min after the treatment shown in (A). (C) Stomatal conductance and (D) net photosynthetic rate in control and Hg-treated plants. Measurements were taken 60--150 min after treatment; DTT recovery was not tested. Values are means ±SD of four plants. (E) Effect of Hg treatment on cell turgor pressure (P~Leaf~) and leaf osmotic pressure (π~Leaf~) and water potential (ψ~Leaf~). The resulting gradient in water potential (Δψ) between root medium (--0.04 MPa) and leaf is also shown. Values are given as means ±SD of four leaf analyses. Statistical significance of difference is indicated by different letters (*P*\<0.05).](jexboterr075f03_ht){#fig3}

Exposure of plants to HgCl~2~ led to a 28% reduction in stomatal conductance as measured 1--2.5 h following Hg treatment. Conductance of Hg-treated plants averaged 0.16±0.02 compared with 0.22±0.05 mol H~2~O m^−2^ s^−1^ in control plants ([Fig. 3C](#fig3){ref-type="fig"}). The net rate of photosynthesis was not affected by HgCl~2~ treatment ([Fig. 3D](#fig3){ref-type="fig"}).

Leaf water potential decreased in response to Hg treatment ([Fig. 3E](#fig3){ref-type="fig"}). This was due to a decrease in (epidermal) cell turgor from 0.98 MPa in control to 0.75 MPa in Hg-treated plants. The gradient in water potential between root medium (--0.04 MPa; [@bib29]) and leaf, which drives water movement between these two compartments, increased 2.5-fold, from --0.12 MPa in control to --0.30 MPa in treated plants. Water flow is the product of driving force and hydraulic conductance; or, hydraulic conductance calculates as flow divided by driving force. Therefore, the changes in transpiration and water potential gradient in response to Hg calculated to a hydraulic conductance of the flow path between root medium and leaf which was (0.6/2.5=0.24) 24% of that in untreated control plants.

Aquaporin expression in roots
-----------------------------

Expression was analysed by real-time PCR (qPCR). Seminal and adventitious roots were always harvested from the same plants. The expression of the, presumably, entire set of barley PIPs ([@bib3]) was determined. In addition, five TIPs were analysed. These TIPs had displayed highest expression or most distinct expression profiles during preliminary experiments. Ubiquitin, tubulin, and H^+^-ATPase were used as reference genes of expression. The expression of reference genes in adventitious roots was on average 1.01±0.02 (mean ±SD) times that in seminal roots ([Fig. 4A](#fig4){ref-type="fig"}), effectively qualifying these genes as suitable references. Three aquaporins (*HvPIP2;2*, *HvPIP2;5*, *HvTIP1;1*) differed significantly in expression between seminal and adventitious roots ([Fig. 4B](#fig4){ref-type="fig"}). Expression was 2.5- to 4-fold higher in adventitious roots (*P*\<0.05). *HvTIP1;1* was expressed at the highest level of all aquaporins tested. Expression was 10--20 times higher than expression of any other TIP. The second-highest expressed aquaporin was *HvPIP2;5*. ANOVA analysis (Excel) revealed that there existed significant differences in expression between aquaporins in each type of root and that the two root types differed in aquaporin expression (not shown).

![qPCR expression analyses of PIPs and TIPs in seminal and adventitious roots of barley. (A) Three genes were used as references of expression (ubiquitin, tubulin, H^+^-ATPase). (B) Data for aquaporin genes are shown as fold difference in expression \[2^--(Δ*C*t)^\] compared with the mean expression of reference genes (=1.0). Results are means ±SD of three independent experiments. Statistical significance of difference in value in (B) between seminal and adventitious roots is indicated by asterisks (*P*\<0.05).](jexboterr075f04_ht){#fig4}

To better illustrate the contribution of each aquaporin to the total expression (=100%) of the respective family, data were presented as pie charts ([Fig. 5](#fig5){ref-type="fig"}). In seminal roots, one family member accounted for most of the expression in the PIP1 (*HvPIP1;3*) and PIP2 (*HvPIP2;5*) family. The same applied to adventitious roots, except that the contribution of *HvPIP1;1* expression was more than twice as high and *HvPIP1;3* expression less predominant.

![Contribution of aquaporin family members to total expression of PIP1s and PIP2s in seminal and adventitious roots of barley. Values are expressed as percentage and are derived from data shown in [Fig. 4](#fig4){ref-type="fig"}.](jexboterr075f05_3c){#fig5}

Five aquaporins were tested for differences in expression between root regions in seminal roots. Four aquaporins (HvPIP2;2, HvPIP2;5, HvTIP1;1, HvTIP2;3) had shown water channel activity in an accompanying study, and the fifth aquaporin (*HvPIP1;2*) had been expressed particularly in root compared with leaf tissue ([@bib3]). *HvPIP2;2* and *HvTIP2;3* showed significant differences in expression between root zones, including lateral roots ([Fig. 6](#fig6){ref-type="fig"}). The expression pattern of both HvTIPs was similar, but was not significant in *HvTIP1;1*. The abundantly expressed *HvPIP2;5* was expressed evenly in seminal roots ([Fig. 6](#fig6){ref-type="fig"}).

![Expression of five aquaporins in different regions of seminal roots of barley. Expression was analysed by qPCR in three regions (combined immature and transition zone, IZ--TZ; mature zone, MZ; lateral roots, LR) and related to the average expression of three reference genes (ubiquitin, tubulin, H^+^-ATPase). Results are averages ±SD of three experiments. Statistical significance of difference was assessed through a pair-wise t-test and is indicated by different letters (*P*\<0.05). Pair-wise comparison explains why in some cases (e.g. HvPIP2;2) expression differs significantly despite overlapping standard deviations.](jexboterr075f06_ht){#fig6}

Tissue localization of expression
---------------------------------

Most of the previous studies on barley aquaporins have focused on the water channel HvPIP2;1 and on its role as CO~2~ diffusion facilitator in leaves and in the hydraulic response of roots to salinity and day/night changes ([@bib24], 2003*a*, *b*; [@bib18]). [@bib49] observed that the barley PIP1 HvPIP1;6, which is identical to HvPIP1;1 and also expressed in roots, displayed some water channel activity. In an accompanying study on barley leaves, HvPIP2;2, HvPIP2;5, HvPIP2;7, HvTIP1;1, and HvTIP2;3 were found to display water channel activity ([@bib3]). Since all of these aquaporins are expressed in roots ([Fig. 4](#fig4){ref-type="fig"}), they were selected for an analysis of their tissue localization of expression using *in situ* hybridization ([Fig. 7](#fig7){ref-type="fig"}). In addition, HvPIP1;2 was analysed due to its almost exclusive expression in roots.

![Tissue localization of expression of aquaporins in seminal and adventitious roots of barley. Expression was analysed by *in situ* hybridization, in the transition and mature zones. Six candidate aquaporin genes (C--H) and one control gene (ribosomal RNA, A--B) were studied. Messenger RNA was probed through hybridization with antisense RNA and visualized through peroxidase-based staining (blue colour). Non-specific staining was tested through hybridization with sense RNA \[shown representatively for ribosomal RNA in (B)\]. Three batches of plants were analysed, with qualitatively similar results. Scale bar 50 μm (seminal roots) and 70 μm (adventitious roots).](jexboterr075f07_3c){#fig7}

There seemed to be two patterns of expression. HvTIP1;1, HvPIP1;2, HvPIP2;2, and HvPIP2;5 were expressed almost ubiquitously in all major root tissues, including epidermis, cortex, endodermis, and stele. Expression in the cortex was generally most pronounced, and HvPIP2;5 and HvTIP1;1 produced the strongest signal of all aquaporin isoforms tested. The tissue pattern of expression of HvTIP2;3 and HvPIP2;7 differed from that of the other aquaporins, in that expression appeared to be most prominent in the epidermis, with comparatively little expression in cortex, endodermis, and stele. For a particular aquaporin isoform, the tissue pattern of expression did not differ between seminal and adventitious root (transition zone). There was a tendency towards stronger expression in the endodermis and stele of adventitious compared with seminal roots.

Discussion
==========

Roots as 'miners' and 'recipients'
----------------------------------

Roots have evolved to optimize their function as biological miners in a soil environment which is patchy and unpredictable in the supply of resources and where diffusional resistances can rate-limit the availability of these resources. Tip-localized growth and a branched root system are best examples of such adaptations. In accordance with this, earlier studies on barley roots showed that the highest rate of water uptake occurred in a region 4--5 cm behind the tip of roots and that lateral roots contributed between one-quarter and two-thirds to root water uptake ([@bib15]; [@bib40]). The present study supports these findings and emphasizes the importance of lateral roots. The study also points to membranes, involving aquaporins in general and specific aquaporin isoforms in particular, as sites through which water uptake is controlled. It has to be remembered though, that the present, as previous, studies were carried out on plants grown in hydroponics. In contrast to soil, hydroponics provides a highly convective and comparably uniform root environment; roots are not so much miners as recipients which receive nutrients and water 'on a plate'. For example, the previous observation that removal of almost the entire root systems reduces transpiration rate little in barley plants grown hydroponically ([@bib29]) may not hold in a soil environment. Despite these differences, roots of hydroponically grown plants maintain a spatial distribution of water uptake along the main axis and an involvement of laterals as predicted for roots in soil. Whether the hydraulic properties and aquaporin isoforms of root regions described here also apply to roots in a soil environment cannot be said with certainty. However, the results demonstrate properties of roots through which water uptake in a soil environment could be controlled.

Root hydraulic properties were measured through exudation, where water flow was driven through osmotic forces. Cell hydraulic conductivity was determined through application of hydrostatic pressure pulses. These caused a gradient in water potential between the inside and the outside of the cell, which in turn drove water flow. Notwithstanding the possibility that osmotic and hydrostatic forces can yield different hydraulic conductivities at root level (for review, see [@bib43]), both types of analysis can be compared for the purpose of the present study, since water flow in each (exudation, cell pressure probe) was driven by gradients in water potential.

Root hydraulic properties in relation to root development and flow paths
------------------------------------------------------------------------

Aquaporin activity can control root water uptake only if water does not move exclusively along a highly conductive apoplastic pathway between root medium and stele. The main barriers of such a pathway are the endo- and exodermis ([@bib44]; [@bib43]). An exodermis was not apparent in the barley roots analysed as judged from microscopic inspection and staining ([Supplementary Fig. S1](http://jxb.oxfordjournals.org/cgi/content/full/err075/DC1) at *JXB* online; see also [@bib30]). The endodermis constituted the only significant apoplastic barrier. Radial hydraulic conductivity was similar in seminal and adventitious roots, despite major differences in endodermis development ([@bib29]; seminal roots more developed). This finding suggests that a purely apoplastic pathway of water movement does not exist along the main axis of roots of 14- to 17-d-old barley plants, as recently concluded on theoretical grounds and measurements of radial root reflection coefficients ([@bib28]). [@bib5] and [@bib14] reached the same conclusion for the closely related wheat and maize, respectively. It is possible that some water uptake occurred through a purely apoplastic pathway in lateral roots, where the endodermis was not fully developed. This would explain why the aquaporin inhibitor HgCl~2~ reduced water flow in entire seminal roots less than in individual cortical cells. [@bib9] recently concluded that apoplastic bypass flow of Na^+^ (and water) in salt-stressed rice (*O. sativa*) occurred through lateral roots.

Tempting as it may be to consider significant movement of water along a purely apoplastic path in lateral roots, it should not be overlooked that the hydraulic conductivity of cortical cells was the highest in lateral roots of all seminal root regions analysed. Lateral roots also had the lowest number of cortical cell layers, and the hydraulic conductivity of cortical cells was inhibited by 90% in response to HgCl~2~, in a fully reversible manner ([Table 2](#tbl2){ref-type="table"}). Using data on cell hydraulic conductivity and cortex layer number, it can be calculated that the radial conductance of lateral roots was well in excess of the conductance required to sustain water uptake by seminal roots along a transmembrane pathway (not shown). Lateral roots accounted for almost two-thirds of the surface area of seminal roots ([Fig. 1](#fig1){ref-type="fig"}), which provide 92% of the water uptake of 13- to 17-d-old barley plants ([@bib29]). Together, the data point to lateral roots and to aquaporins being the key to understanding the hydraulic response of roots.

The involvement of aquaporins in root water uptake is further supported by the present observation that cortical cell hydraulic conductivity decreased in response to HgCl~2~ in the transition zone of seminal and adventitious roots, and in lateral roots, to a value close to the value observed in non-inhibited cortical cells of the mature zone of seminal roots. The reduction (\>90%) in hydraulic conductivity in response to HgCl~2~ reported here for barley root cortical cells is slightly larger than values reported for *Arabidopsis* (∼73%, [@bib20]), wheat (∼70--80%, [@bib5], and maize (60--70%, [@bib19]; [@bib50]).

Aquaporin-dependent water uptake and transpiration
--------------------------------------------------

Hydraulic and transpiration analyses of Hg-treated plants showed that inhibition of root aquaporins can have a real effect on whole-plant transpiration and leaf physiology. The reduction in root hydraulic conductivity as calculated from transpiration and water potential measurements on intact plants (76%) was almost identical to the reduction measured on isolated, entire root systems (74%). Addition of Hg to the root medium caused a decrease in water supply to the shoot, which in turn led to a reduction in leaf cell turgor and water potential by ∼0.2 MPa. A steady reduction in transpiration rate was achieved through a decrease in stomatal conductance, the latter presenting the by far highest resistance to water movement along the root medium--plant--atmosphere continuum ([@bib29]). It is not clear why leaf water potential did not decrease further to compensate (through increased driving force) fully the reduction in root hydraulic conductivity. Some regulatory mechanism, possibly involving root-derived abscisic acid ([@bib48]) must have set in Hg-treated plants as leaf water potential decreased to --0.34 MPa, leading to partial stomatal closure. In contrast to transpiration, net photosynthetic rate was not affected by addition of HgCl~2~ to the root medium. Plants must have had increased water use efficiency and were unlikely to suffer from any toxic effect of Hg which might have been transported to leaves with the transpiration stream.

Incomplete inhibition of water transport at root level by HgCl~2~ as observed in the present study and others (e.g. [@bib45], [@bib46]; [@bib5]) may result from insensitivity to HgCl~2~ of some aquaporin homologues ([@bib7]) or reflect simple diffusion of water through the phospholipid bilayer and pressure-driven symplastic flow ([@bib36]). Addition of the reducing agent DTT recovered hydraulic conductivity close to the original value in seminal roots but not in adventitious roots. This suggests that in adventitious roots effects of Hg on cortical cells were for some reason less specific.

Candidate aquaporins to facilitate water uptake in barley
---------------------------------------------------------

Compared with seminal roots, adventitious roots had a three-fold higher cortical cell hydraulic conductivity and total expression of PIP2s and TIPs. The latter was due to higher expression of three aquaporins, *HvPIP2;2*, *HvPIP2;5*, and *HvTIP1;1*, all of which display water channel activity ([@bib3]). These aquaporins were expressed in the epidermis, cortex, endodermis, and stele of the transition zone of adventitious roots. *HvPIP2;5*, and *HvTIP1;1* were the highest-expressed aquaporins tested. In seminal roots, *HvTIP1;1* was expressed lowest in the mature zone, and this coincided with the lowest cortical cell hydraulic conductivity in this root region. Based on measurements of osmotic water permeability of isolated membranes ([@bib33]), PIPs, in particular PIP2s, are the most likely candidates limiting cell hydraulic conductivity measured with the pressure probe. Together, this renders HvTIP1;1 and particularly HvPIP2;5 prime candidates to facilitate the higher hydraulic conductivity of cortical cells in adventitious roots.

Sequence comparison between barley and maize PIPs shows that ZmPIP2;1 and ZmPIP2;2 share highest sequence identity with HvPIP2;5. ZmPIP2;1 is among the highest-expressed PIPs in maize roots and the tissue localization of protein changes during root development from a predominant location in the stele and endodermis to a location in the cortex and epidermis ([@bib16]*a*). Such a change in tissue localization was not observed for *HvPIP2;5* in the present study, where expression was analysed. *HvPIP2;5* was expressed in cortical tissue in both the transition and mature zones. [@bib38], using immunocytochemistry, observed for rice roots that candidate aquaporins occurred predominantly in the endodermis and stele, with some protein in the rhizodermis and very little in cortex. The difference in results between the present study and the studies by [@bib16]*a*) and [@bib38] may reflect that aquaporin gene and protein abundance do not correlate in time and space.

TIP1;1 isoforms are generally the most abundantly expressed members of the TIP family of aquaporins (e.g. [@bib1]; [@bib39]) and share the highest sequence identity with TIP1;1 isoforms across plant species tested. The ubiquitous and abundant expression of *HvTIP1;1* in barley roots suggests that this aquaporin is a 'housekeeping' type of aquaporin, which provides a 'baseline' level tonoplast hydraulic conductance to guarantee rapid osmotic equilibration between vacuole and cytosol ([@bib33]). A complete loss of (water channel) function of HvTIP1;1 is not expected to cause a phenotype in barley (see also [@bib42] for *Arabidopsis*), as another TIP (HvTIP2;3) which shows water channel activity ([@bib3]) is expressed in roots. It remains to be shown why TIPs which show water channel activity are co-expressed abundantly in root cells.

Supplementary data
==================

[Supplementary data](http://jxb.oxfordjournals.org/cgi/content/full/err075/DC1) are available at *JXB* online.

[**File S1.**](http://jxb.oxfordjournals.org/cgi/content/full/err075/DC1) Methodological details of hydraulic measurements.

[**Table S1.**](http://jxb.oxfordjournals.org/cgi/content/full/err075/DC1) Summary of a selection of studies that examined the effect of mercury chloride (HgCl~2~) as an aquaporin inhibitor on cell-, root-, and whole-plant hydraulics.

[**Figure S1.**](http://jxb.oxfordjournals.org/cgi/content/full/err075/DC1) Cross-sections of seminal and adventitious roots of hydroponically grown barley plants highlighting the absence of an exodermis.
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DTT

:   dithiothreitol

MIP

:   major intrinsic protein

PIP

:   plasma membrane intrinsic protein

TIP

:   tonoplast intrinsic protein
